Chemical shifts of aromatic protons in protein NMR spectra  by Redfield, Christina et al.
Volume 159, number 1,2 FEBS 0639 August 1983 
Chemical shifts of aromatic protons in protein NMR spectra 
Christina Redfield, Jeffrey C. Hoch* and Christopher M. Dobson+ 
+Inorganic Chemistry Laboratory, South Parks Road, Oxford OXI 3QR, England and Department of Chemistry, 
Harvard University, 12 Oxford Street, Cambridge, MA 02138, USA 
Received 13 June 1983 
Experimental secondary shifts have been compared with calculated ring current shifts for the aromatic 
protons of lysozyme. The root mean square differences were calculated for all possible permutations of 
the assignment scheme. The experimentally determined assignment scheme was found to give the best 
agreement with the ring current shift calculations. Similar results were obtained in the case of bovine 
pancreatic trypsin inhibitor and cytochrome c. The use of the degree of correlation between experimental 
and predicted NMR parameters as a basis for making assignments is examined. 
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1. INTRODUCTION 
The chemical shift values of protons in a 
globular protein differ from those in an unstruc- 
tured polypeptide primarily because of contribu- 
tions from through-space interactions between a 
proton and the residues in its vicinity [ 11. The 
secondary shifts caused by these interactions are 
thus extremely sensitive to, and characteristic of, 
the conformation of the protein. In diamagnetic 
proteins the shifts are generally less than about 
1 ppm, but may be as large as 5 ppm, and 3 
mechanisms are thought to be important. Shifts 
can arise from the anisotropy of the magnetic 
susceptibility associated with ring currents in 
aromatic groups, from the local anisotropy 
associated with other groups (e.g., carbonyls) or 
atoms, and from the perturbations to electron 
distributions arising from the electric fields 
associated with charged groups [2,3]. 
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Theoretical models for calculating the 
magnitude of ring current shifts for a given 
molecular conformation are well developed [2]. 
Provided that resonance assignments are known, 
these predictions can be compared with experimen- 
tal values of secondary shifts. From the com- 
parison made so far, chiefly with lysozyme, bovine 
pancreatic trypsin inhibitor (BPTI) and 
cytochrome c, there is a reasonable correlation bet- 
ween the observed and calculated values for pro- 
tons bonded to carbon [4-61. The correlation ap- 
pears to be particularly satisfactory for methyl 
group resonances. For aromatic proton resonances 
the situation is less clear; ring current calculations 
have not, for example, provided any explanation 
for the large shifts of the aromatic protons of 
BPTI [5]. Other contributions are presumably im- 
portant here, but methods of calculation are not 
sufficiently advanced for these to be predicted 
satisfactorily. 
Recently, we completed the assignment of all 
aromatic proton resonances in the NMR spectrum 
of lysozyme [7]. With this information, a more 
detailed examination of the chemical shifts of 
aromatic protons in proteins is possible. This 
paper reports the results of such a study, which 
give insight into the value of ring current shift 
calculations. 
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2. METHODS 
Ring current shift values for the aromatic 
residues of lysozyme and BPTI were calculated us- 
ing the appropriate crystallographic coordinates 
and a FORTRAN ring current shift program [3]. 
In the case of lysozyme, ring current shift values 
were calculated for two coordinate sets, the refined 
tetragonal crystal structure [8] and the triclinic 
crystal structure [9]. Ring current shift calculations 
were carried out using 3 ring current shift models, 
the classical dipolar equation [lo], the semi- 
classical Johnson-Bovey equation in [ 1 l] and the 
quantum mechanical Haigh-Mallion equation in 
[12]. The calculations were carried out using the 
ring current intensity factors proposed in [13] and 
those more recently suggested in [4]. Ring current 
shift values for tuna cytochrome c were obtained 
from [a]. 
The experimental chemical shift values for 
lysozyme, BPTI and tuna cytochrome c used in 
this study were obtained from [7,14-161. Secon- 
dary shifts were calculated as the difference bet- 
ween the experimental chemical shift values and 
basis shift values for the amino acid in a random 
coil polypeptide. The random coil basis shift 
values for tyrosine and tryptophan in [17] and the 
values for phenylalanine in [6] were used in these 
calculations. 
The analysis used here is carried out as follows. 
For each amino acid type (tyrosine, tryptophan 
and phenylalanine) it is assumed that all the spin 
systems have been identified and that each 
resonance has been assigned to a specific proton 
type (e.g., H6, H’ or H” for phenylalanine). A 
FORTRAN program is used to compare the 
theoretical ring current shift values with the ex- 
perimental secondary shift values, and the root 
mean square (RMS) difference is calculated for 
each of the n! assignment schemes possible for n 
spin systems of a given amino acid type. The 
assignment schemes are then ordered in terms of 
the quality of fit of the experimental data with the 
theoretical predictions as measured by the RMS 
difference. The RMS difference is plotted for each 
of the n! possible assignment schemes; the best fit 
assignment scheme is given rank 1 and the worst 
assignment scheme is given rank n! on the x-axis. 
It should be noted that in the case of slowly 
rotating tyrosine and phenylalanine residues, or 
when the specific proton type cannot be assigned 
unambiguously (e.g., H” or H’ for tyrosine), the 
number of possible assignment schemes may be 
greater than n!. 
3. RESULTS 
The RMS differences between observed secon- 
dary shifts and calculated ring current shifts for 
the aromatic protons of lysozyme are listed in table 
1. Similar values for BPTI and cytochrome c are 
evident from fig.3 and 4. It can be seen that the 
RMS difference varies little with the method used 
for the ring current shift calculations; in this paper 
the Johnson-Bovey equation has been used [2,3]. 
The use of empirical ring current intensity factors 
for tryptophan in [4] leads to improved agreement 
for the tryptophan residues but to worse agreement 
for the tyrosine and phenylalanine residues of 
lysozyme. The overall RMS difference of nearly 
0.2 ppm reported here and evidence from other 
studies indicates that other contributions to the 
secondary shift such as the local anisotropy 
associated with groups such as carbonyls and elec- 
trostatic effects may be important [2-61. 
Theoretical models for these other contributions 
are not as well developed as those for ring current 
shifts, and the success of calculations incor- 
porating these contributions in improving agree- 
ment with experiment has been limited [2,3]. 
All 59 aromatic protons of lysozyme have been 
assigned without reference to ring current shift 
Table 1 
Root mean square difference between calculated and 
observed secondary shifts in ppm for the aromatic 
residues of lysozyme 
Johnson- Haigh- Dipole= Johnson- 
Boveya Mallion” Boveyb 
Tyrosine 0.08 0.08 0.06 0.08 
Tryptophan 0.22 0.22 0.21 0.18 
Phenylalanine 0.18 0.18 0.18 0.21 
Overall 0.19 0.18 0.18 0.17 
a Calculation carried out using ring current intensity 
factors, as in [13] 
b Calculation carried out using empirical tryptophan 
ring current intensity factor, as in [4] 
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calculations [7]. As illustrated above, these 
assignments give an RMS difference of 0.18 ppm 
with the caIcuIated ring current shifts. In order to 
assess the quality of fit of the ex~r~ent~ data 
with the calculated shifts, the RMS difference was 
calculated for all possible permutations of the 
assignment scheme (n! possible assignment 
schemes for n spin systems). The results of this 
calculation are illustrated in fig.1 for the refined 
tetragonal coordinates of lysozyme. It can be seen 
that in all cases the experimentally determined 
assignment scheme gives the best agreement 
(lowest RMS difference) with the calculated ring 
current shifts. The same type of andysis was also 
applied to the lysozyme triclinic coordinate set. In 
the case of the tryptophan and tyrosine residues 
the experimental assignment scheme again gives 
the lowest RMS difference. In the case of 
phenylalanine residues, however, the experimental 
assignments give the worst agreement as indicated 
in fig.2. The 3 phenylal~ine residues of lysozyme 
are located in the same region of the structure in 
close proximity to a tryptophan residue. The ring 
current shift values for these phenylalanine 
residues are determined by the relative orientations 
of these 4 aromatic rings. These 4 aromatic groups 
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Fig. 1. Plot of the RMS difference between experimental 
secondary shifts and calculated ring current shifts for 
each of the n! assignment schemes for the tryptophan, 
phenylalanine and tyrosine residues of Iysozyme, The 
possible assignment schemes are ranked in terms of the 
quality of fit between experimental secondary shifts and 
calculated ring current shifts as measured by the root 
mean square difference. In this and subsequent figures 
the experimentally determined assignment schemes are 
circled. 
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Fig.2. Plot of the RMS difference between experimental 
secondary shifts and calculated ring current shifts for the 
6 possible assignment schemes for the 3 ph~yl~~ine 
residues in lysozyme. Rmg current shifts were calculated 
using the refined tetragonal crystal structure ]8] and the 
refined triclinic crystal structure [9]. 
do not contribute significantly to the ring current 
values of any of the other aromatic protons in 
lysozyme. The result illustrated in fig.2 shows that 
differences in the two crystal structures in the 
region of the 3 phenylalanine residues lead to 
significant differences in the ring current shift 
calculations. 1 
Complete ~si~ent of the aromatic 
resonances of BPTI and of the phenylalanine 
resonances of tuna ferrocytochrome c have been 
made independently of ring current shift calcula- 
tions [14-161. A similar ring current analysis was 
carried out on these proteins in order to determine 
whether the results presented above are a general 
phenomenon or are characteristic of lysozyme 
alone. The results obtained for BPTI and 
cytochrome c are illustrated in fig.3 and 4. In the 
case of the 4 phenylalanine residues of BPTI, the 
experimentally determined assignment scheme 
gives the best agr~ment with ring current shift 
calculations, although the RMS difference of 
0.26 ppm is greater than that obtained for 
lysozyme. In the case of the 4 tyrosine residues, the 
experimentally obtained assignment scheme is 
ranked 11th out of the 24 possible assigmnent 
schemes. It can be seen, however, for tyrosine that 
the RMS difference varies little with the assign- 
ment scheme. 
In the case of the 3 phenylalanine residues of 
tuna cytochrome c, the experimentally determined 
assignment scheme gives the best agreement with 
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Fig.3. Plot of the RMS difference between experimental 
secondary shifts and calculated ring current shifts for 
each of the n! assignment schemes for the phenylalanine 
and tyrosine residues of BPTI. 
the ring current shift calculations. A larger number 
of resonance assignments have been made for 
horse ferrocytochrome c but as yet a high resolu- 
tion crystal structure of this protein is not 
available. Horse cytochrome c NMR data have 
been compared with ring current shift data 
calculated from the tuna crystal structure in [6]. In 
the light of differences in resonance chemical shift 
values between the two proteins and the occurrence 
of a large number of amino acid substitutions 
[ 15,161, some involving aromatic residues, a more 
quantitative comparison of horse cytochrome c 
secondary shift values and tuna cytochrome c ring 
current shift calculations here does not seem 
justified. 
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Fig.4. Plot of the RMS difference between experimental 
secondary shifts and calculated ring current shifts for 
each of the 6 assignment schemes for the 3 phenylalanine 
residues of tuna ferrocytochrome c. 
4. DISCUSSION 
Despite the rather large RMS differences bet- 
ween observed secondary shifts and calculated ring 
current shifts for the aromatic proton resonances 
of the 3 proteins considered here, there are several 
interesting conclusions which can be drawn from 
our results. First, in no case is the RMS difference 
for an incorrect assignment scheme significantly 
better than for the correct scheme. This strongly 
implies that the ring current shifts are indeed a ma- 
jor contribution to the secondary shifts of the 
aromatic protons, and that the methods of calcula- 
tion are reasonable. Only in the case of the tyrosine 
residues of BPTI is it apparent hat other contribu- 
tions to the shifts are dominant. That this is the 
case is, however, amply revealed by the insensitivi- 
ty of the large RMS difference to the permutation 
of possible assignments. It has been suggested that 
the contributions of local anisotropy effects, chief- 
ly from the carbonyl groups, is the explanation of 
this [2,5]. 
The results of this study do not justify the use of 
ring current shift calculations by themselves as a 
means of making firm assignments. Although the 
results show that the correct assignment scheme 
gives the lowest RMS difference, this is not a suffi- 
cient criterion for making assignments ince the 
RMS difference for many different assignment 
schemes are rather similar. The RMS difference of 
about 0.2 ppm obtained in this study is of the 
order of the average secondary shift observed for 
the aromatic protons of the 3 proteins studied. In 
isolated cases, such as that of Trp 28 in lysozyme, 
where secondary shifts are large, of the order of 
0.8 ppm, assignments based on ring current shift 
calculations can perhaps be made with confidence. 
However, in the majority of cases where secondary 
shifts are small, of the order of the RMS dif- 
ference, assignments cannot reliably be based on 
ring current shift calculations. Other methods, 
notably those involving nuclear Overhauser ef- 
fects, are needed here [18]. The approach il- 
lustrated here of examining quantitatively the cor- 
relation between experimental and predicted NMR 
parameters is, however, likely to be of general ap- 
plicability. If the degree of correlation is used as a 
basis for making assignments it is essential to 
assess the quality of the correlation for the propos- 
ed assignment relative to other possible assignment 
schemes. 
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Our results do suggest hat the correct as&n- 
ment scheme would be expected to predict the 
secondary shifts well compared with most incor- 
rect schemes. If the RMS difference is significantly 
greater for the proposed assignment scheme than 
for other schemes, there are grounds for close ex- 
amination of the reasons for this. Apart from ara 
error in the assignment process, it could indicate a 
significant and unusual difference between the 
solution conformation and the coordinate set used 
as the basis for the calculations. Such a situation 
provides an expl~ation for the observations with 
the phenylal~ne residues of lysoxyme, The solu- 
tion conformation in the region of the 
phenylalanine residues appears to be closer to that 
observed in the tetragonal crystals than in the 
triciinic crystals. 
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